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Random anisotropy disorder in superfluid 3 He-A in aerogel 
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The anisotropic superfluid 3 He- A in aerogel provides an interesting example of a system with continuous 
symmetry in the presence of random anisotropy disorder. Recent NMR experiments allow us to discuss two 
regimes of the orientational disorder, which have different NMR properties. One of them, the (s)-state, is 
identified as the pure Larkin-Imry-Ma state. The structure of another state, the (f)-state, is not very clear: 
probably it is the Larkin-Imry-Ma state contaminated by the network of the topological defects pinned by 
aerogel. 
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1. INTRODUCTION 



Behavior of systems with continuous symmetry in 
the presence of random anisotropy disorder is the sub- 
ject of numerous theoretical and experimental investi- 
gations. This is because of the surprizing observation 
made by Larkin pQ and Imry and Ma that even a 
weak disorder may destroy the long-range translational 
or orientational order. Recent example is provided by 
the nematic liquid crystals in random porous medium, 
in which the order parameter - the unit vector n - inter- 
acts with the quenched random anisotropy disorder (see 
e.g. Ref. |3] and references therein). Though the prob- 
lem of violation of the long-range order by quenched dis- 
order is more than 30 years old, still there is no complete 
understanding (see e.g. Refs. EI El El and references 
therein), especially concerning the role of topological 
defects. 

In the anisotropic phase A of superfluid 3 He, the 
Larkin-Imry-Ma effect is even more interesting. In this 
superfluid the order parameter contains two Goldstone 
vector fields: (1) the unit vector 1 characterizes the 
spontaneous anisotropy of the orbital and superfluid 
properties of the system; and (2) the unit vector d char- 
acterizes the spontaneous anisotropy of the spin (mag- 
netic) degrees of freedom. In aerogel, the quenched ran- 
dom anisotropy disorder of the silicon strands interacts 
with the orbital vector 1, which thus must experience 
the Larkin-Imry-Ma effect. As for the vector d of the 
spontaneous anisotropy of spins it is assumed that d 
does not interact directly with the quenched disorder, 
at least in the arrangement when the aerogel strands are 
covered by layers of 4 He atoms preventing the formation 
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of solid layers of 3 He with large Curie- Weiss magnetiza- 
tion. There is a tiny spin-orbit coupling between vectors 
d and 1 due to which the 1- vector may transfer the disor- 
der to the d-field. Superfluid 3 Hc-A experiences many 
different types of topological defects (see e.g. |7|), which 
may be pinned by the disorder. 

On recent experiments on the superfluid 3 He-A in 
aerogel see Refs. M UD1 HU U21 El and references 
therein. In particular, Refs. El describe the trans- 
verse NMR experiments, in which the dependence of the 
frequency shift on the tipping angle /3 of the precessing 
magnetization has been measured; and Ref. |13| also re- 
ports the observation of the longitudinal NMR. Here we 
discuss these experiments in terms of the Larkin-Imry- 
Ma disordered state |2] extended for the description 
of the superfluid 3 He-A in aerogel In Sec. 2 the 

general equations for NMR in 3 He-A are written. In 
Sec. 3 these equations are applied to the states with 
disordered d and 1 fields. In Sec. 4 and Sec. 5 the mod- 
els for the two observed states are suggested in terms 
of the averaged distributions of d and 1 fields consistent 
with observations,. Finally in Sec. 6 these states are 
interpreted in terms of different types of disorder. 



2. LARMOR PRECESSION OF HE-A 

In a typical experimental arrangement the spin-orbit 
(dipole-dipole) energy is smaller than Zeeman energy 
and thus may be considered as a perturbation. In zero- 
order approximation when the dipole energy and dissi- 
pation are neglected, the spin freely precesses with the 
Larmor frequency u>l = jH, where 7 is the gyromag- 
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netic ratio of 3 He nuclei. In terms of the Euler angles 
the precession of magnetization is given by 



S(t) = S R z {-uj L t + a)R y {P)i 



(1) 



Here S = \H is the amplitude of spin induced by mag- 
netic field; the axis z is along the magnetic field H; 
matrix R y (/3) describes rotation about transverse axis y 
by angle /3, which is the tipping angle of the precessing 
magnetization; R z describes rotation about z; a is the 
phase of the precessing magnetization. According to the 
Larmor theorem |15| , in the precessing frame the vector 
d is in turn precessing about S. Because of the interac- 
tion between the spin S and the order parameter vector 
d, the precession of d occurs in the plane perpendicular 
to S, and it is characterized by another phase In 
the laboratory frame the precession of d is given by 

d(t) = R g (-u L t + a)R y (f3)R z (uj L t -a + $ d )x , (2) 

while the orbital vector 1 is time-independent in this 
approximation: 



1 = z cos A + sin A(xcos $j + y sin $/) 



(3) 



This is the general state of the pure Larmor precession of 
3 He-A, and it contains 5 Goldsone parameters: 2 angles 
a and 8 of the magnetization in the precessing frame; 
angle $>d which characterizes the precession of vector d; 
and two angles A and <f>; of the orbital vector 1. 

The degeneracy is lifted by spin-orbit (dipole) inter- 
action JHj 



Fr 



(4) 



where £Ia is the so-called Leggett frequency. In the bulk 
homogeneous 3 He- A, the Leggett frequency coincides 
with the frequency of the longitudinal NMR, uih = il^. 
In typical experiments one has < wl, which allows 
us to use the spin-orbit interaction averaged over the 
fast Larmor precession: ^| 
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U , (5) 



U = --sin 2 3 + -(1 + cos B) 2 sin 2 $ sin 2 A 
2 4 

7 11 

-(-cos 2 /3+ -cos/3- -)sin 2 A , (6) 

8 4 8 

where $ = $,j - 

The dipole interaction generates the frequency shift 
of the transverse NMR from the Larmor frequency: 
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u L = 
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dU 



d(ScosB) 2wr,dcos/3 



(7) 



In the bulk 3 He-A, the minimum of the dipole inter- 
action requires that <!>d = and sin 2 A = 1, i.e. the 
equilibrium position of 1 is in the plane perpendicular 
to H. However, for the 3 He-A confined in aerogel, the 
interaction with the quenched disorder may essentially 
modify this spatially homogeneous state by destroying 
the long-range orientational order due to the Larkin- 
Imry-Ma effect [H] . 



3. TWO STATES OF HE-A IN AEROGEL 

Experiments reported in Ref. demonstrate two 
different types of magnetic behavior of the A-like phase 
in aerogel, denoted as (f+c)-state and (c)-state corre- 
spondingly. The (f+c)-state contains two overlapping 
lines (f) and (c) in the transverse NMR spectrum (far 
from and close to the Larmor frequency correspond- 
ingly). The frequency shift of the transverse NMR is 
about 4 times bigger for the (f)-line compared to the 
(c)-line. The behavior under applied gradient of mag- 
netic field suggests that the (f+c)-state consists of two 
magnetic states concentrated in different parts of the 
cell. The (c)-state contains only a single (c)-line in the 
spectrum, and it is obtained after application of the 180 
degree pulse while cooling through T c . The pure (f)- 
state, i.e. the state with a single (f)-line, has not been 
observed. 

The (c) and (f+c) states have different of dependence 
of the frequency shift ui± — uol on the tilting angle 3 in 
the pulsed NMR experiments: u>± — lut, oc cos/3 in the 
pure (c)-state; and ui± — u) L oc (1 + cos/3) in the (f+c)- 
state. The latter behavior probably characterizes the 
property of the (f)-line which has the bigger shift and 
is dominating in the spectrum of the (f+c)-state. The 
(1 + cos d) -law has been also observed in Ref. [§]■ 

The experiments with longitudinal NMR were also 
reported in Ref. . The longitudinal resonance in the 
(f+c)-state has been observed, however no traces of the 
longitudinal resonance have been seen in the (c)-state. 

Let us discuss this behavior in terms of the disor- 
dered states emerging in 3 He-A due to the orientational 
disorder. 

In the extreme case of weak disorder, the charac- 
teristic Imry-Ma length L of the disordered 1-texture is 
much bigger than the characteristic length scale £d of 
dipole interaction, L » ^. In this case the equilibrium 
values of $ and A are dictated by the spin-orbit inter- 
action, <I> = <f> d - $ ( = and sin 2 A = 1; and the Eq.0) 
gives 



r>2 

ujl = -^-(l + 3cos/3) 



(8) 
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This dependence fits neither the (f)-state (l + cos/3) be- 
havior nor the cos (3 law in the (c)-state, which indicates 
that the disorder is not weak compared to the spin-orbit 
energy. 

In the extreme case of strong disorder, when L <C 
(o, both $ and 1 are random: 

(sin 2 *) -5=0, (9) 
(sin 2 A> - § = . (10) 

In this case it follows from Eq.0 that the frequency 
shift is absent: 

Wi = u) L . (11) 

The Eq.© means that (f>; and $d are dipole unclocked, 
i.e. they are not locked by the spin-orbit dipole-dipole 
interaction, which is natural in case of small Imry-Ma 
length, L <C <to. In principle, there can be three differ- 
ent dipole-unlocked cases: (i) when both and &d are 
random and independent; (ii) when <I>; is random while 
$d is fixed; (iii) when $d is random while is fixed. 

The strong disorder limit is consistent with the ob- 
servation that the frequency shift of the (c)-line is much 
smaller than the frequency shift in 3 He-B in aerogel. 
The observed non-zero value can be explained in terms 
of the small first order corrections to the strong disorder 
limit. Let us introduce the parameters 

a = \ - (sin 2 <&) , 6=(sin 2 A)-^, (12) 

which describe the deviation from the strong disorder 
limit. These parameters are zero in the limit of strong 
disorder L 2 — » 0, and one may expect that in the 
pure Larkin-Imry-Ma state they are proportional to the 
small parameter L 2 /^ <C 1. The behavior of these 
two parameters can be essentially different in different 
realizations of the disordered state, since the vector 1 
entering the parameter a interacts with the quenched 
oricntational disorder directly, while $d only interacts 
with via the spin-orbit coupling. That is why we 
shall try to interpret the two observed magnetic states, 
the (c)-state and the (f)-state, in terms of different re- 
alizations of the textural disorder described by different 
phenomenological relations between parameters a and b 
in these two states. 

4. INTERPRETATION OF (C)-STATE 

The observed cos /3-dependence of the transverse 
NMR frequency shift in the (c)-state ^Sj can be repro- 
duced if we assume that in the (c)-state the parameters 



a c and b c satisfy the following relation: a c -C b c . Then 
in the main approximation, 

a c = , 6 C ^0, (13) 

the effective potential U in Eq.JJJl is 

C/ c = -^ c cos 2 /3+i {bc + ^j ■ (14) 

If the parameter b c does not depend on j3, the varia- 
tion of U c with respect to cos (3 gives the required cos (3- 
dependence of the frequency shift of transverse NMR in 
the (c)-state: 

3f2 2 

uj c1 _ - lu l = —^-b c cosl3 . (15) 
4w L 

Let us estimate the parameter b c using the following 
consideration. The dipole energy which depends on A 
violates the complete randomness of the Larkin-Imry- 
Ma state, and thus perturbs the average value of sin 2 A. 
The deviation of b c from zero is given by: 

& c ~|^cos 2 /?-~) . (16) 

In this model the potential and frequency shift become 

T 2 { 1 \ 2 

U c ~~^-{co S 2 f3--) , (17) 

n 2 l 2 ( i\ 

u c± -lo l — — 2~ cos f3 I cos 2 (3 —J . (18) 

Such /3-dependence of the transverse NMR is also anti- 
symmetric with respect to the transformation /3 — > 7r — /3 
as in the model with the /3-independent parameter b c in 
Eci. (|15fl : however, as distinct from that model it is in- 
consistent with the experiment (see Fig. 6 in Ref. 
Certainly the theory must be refined to estimate the first 
order corrections to the zero values of the parameters a c 
and b c . 

The frequency of the longitudinal NMR in the (c)- 
state is zero in the local approximation. The correction 
due to the deviation of $ from the random behavior, 
i.e. due to the non-zero value of the parameter a c in the 
(c)-state, is: 

u% = 2 - (1 - 2 (sin 2 *» n 2 A = . (19) 

In the simplest Imry-Ma model a c ~ L 2 /£f-, <C 1, and 
thus the frequency of longitudinal NMR is small as com- 
pared with the frequency of the longitudinal resonance 
in (f+c)-state, discussed in the next section. This is con- 
sistent with non-observation of the longitudinal NMR in 
the (c)-state: under conditions of this experiment the 
longitudinal resonance cannot be seen if its frequency 
is much smaller than the frequency of the longitudinal 
resonance observed in the (f+c)-state |13| . 
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5. INTERPRETATION OF (F)-STATE 

The observed (1 + cos /^-dependence of the trans- 
verse NMR frequency shift of the (f )-line dominating in 
the (f+c)-state OH is reproduced if we assume that 
for the (f)-line one has a/ ^> bf. In this case, in the 
main approximation the (f)-state may be characterized 

by 

a s y^O , b f =0, (20) 

and one obtains: 

w/x-wl = ^4(1 + cos/3) . (21) 

6 UJL 

Let us compare the frequency shift of the (f)-line with 
that of the (c)-line in Eq. (EJl at f3 = 0: 

= . (22) 

According to experiments |13j this ratio is about 4, and 
thus one obtains the estimate: b c ~ 0.1a/. This sup- 
ports the strong disorder limit, b c -C 1, for the (c)-state. 
If the statistic properties of the 1-texture in the (f)-state 
are similar to that in the (c)-state, then one has bf <C af 
as suggested in Eq. (|2*0f . 

The frequency of the longitudinal NMR in such a 
state is 

^1, = ^ , (23) 

which gives the relation between the transverse and lon- 
gitudinal NMR frequencies 

uj f± -uj L = i^(l + cos/3) . (24) 

This relation is also valid for the Fomin's robust phase 
[T%] (see 5H1)- However, the frequency of the longitu- 
dinal NMR measured in the (f+c)-state ^2] does not 
satisfy this relation: the measured value of cJ/m is about 
0.65 of the value which follows from the Eo.l)24f if one 
uses the measured w/i-w^. Probably the situation can 
be improved, if one considers the interaction between 
the / and c lines in the (f+c)-state (see Ref. |13|L 

6. DISCUSSION 

61 Interpretation of A-phase states in aerogel. 

The observed two magnetic states of 3 He-A in aero- 
gel PHI can be interpreted in the following way. The 
pure (c)-state is the Larkin-Imry-Ma phase with strong 
disorder, L <c £d- The (f+c)-state can be considered 
as mixed state with the volume V c filled by the Larkin- 
Imry-Ma phase, while the rest of volume Vf = V — V c 



consists of the (f)-state. The (f)-state is also random 
due to the Larkin-Imry-Ma effect, but the spin variable 
<fr,i and the orbital variable 4>z are not completely in- 
dependent in this state. If &d partially follows <f>;, the 
difference $ = $d — is not random and the param- 
eter af in the (f)-state is not very small, being equal 
to 1/2 in the extreme dipole-locked case. Thus, for the 
(f+c)-state one may assume that af 3> bf,b c ,a c . As a 
result the (f)-line has essentially larger frequency shift 
of transverse NMR and essentially larger longitudinal 
frequency compared to the (c)-line. 

Both results are consistent with the experiment: 
from the transverse NMR it follows that b c ~ 0.1a/ (see 
Ea.l|22[l1: and from the lack of the observation of longi- 
tudinal NMR in the (c)-state it follows that a c <§; a/. 
This confirms the assumption of the strong disorder in 
the (c)-state, in which the smallness of the parameters 
b c and a c is the result of the randomness of the 1-texture 
on the length scale L C (fl. The cos /3-dependence 
of uj c ± — ojl in Ea. lfTBI) and (1 + cos/3)-dependence of 
u>f± — u>l in Eq. (|21|l are also consistent with the exper- 
iment. The open problem is how to estimate theoreti- 
cally the phenomenological parameters a/, bf, b c , a c and 
find its possible dependence on (3. 

The 'universal' relation l|24(l between the longitudi- 
nal and transverse NMR frequencies is not satisfied in 
the experiment, but we cannot expect the exact relation 
in such a crude model, in which the interaction between 
the / and c lines in the (f+c)-state is ignored (see 
Moreover, we use the local approximation, i.e. we do 
not take into account the fine structure of the NMR 
line which may contain the satellite peaks due to the 
bound states of spin waves in the texture of 1 and d 
vectors. The tendency is however correct: the smaller 
is the frequency shift of transverse NMR the smaller is 
the frequency of longitudinal NMR. 

62 Global anisotropy and negative frequency 

shift 

For further consideration one must take into ac- 
count that in some aerogel samples the large nega- 
tive frequency shift has been observed for the A-phase 
EH HUES). The reason of the negative shift is the 
deformation of the aerogel sample which leads to the 
global orientation of the orbital vector 1 in the large 
region of the aerogel |20]. The effect of regular uniax- 
ial anisotropy in aerogel has been considered in Refs. 
|211 122| • It is important that even a rather small defor- 
mation of aerogel may kill the subtle collective Larkin- 
Imry-Ma effect and lead to the uniform orientation of 
the 1-vector. Using the estimation of the Imry-Ma 
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length in Ref. , one can find that the critical stretch- 
ing of the aerogel required to kill the Larkin-Imry-Ma 
effect is proportional to (i?/£o) 3 - Here R is the radius 
of the silica strands and £o is the superfluid coherence 
length. 

From Eqs.® and (JZJ) it follows that the maximum 
possible negative frequency shift could occur if in some 
region the global orientation of 1 induced by deformation 
of the aerogel is along the magnetic field (i.e. A — 0): 

w ± -u L = --± . (25) 

Such longitudinal orientation of 1 is possible because the 
regular anisotropy caused by the deformation of aerogel 
is bigger than the random anisotropy, which in turn in 
the strong disorder limit is bigger than the dipole energy 
preferring the transverse orientation of 1. 

Comparing the measured magnitude of the negative 
shift (which cannot be bigger than the maximum possi- 
ble in Eq.J^SJ)) with the measured positive shift of the 
(f)-line in the (f+c)-state 123 GUI one obtains that the 
parameter aj in Eq.J2U must be smaller than 0.25. This 
is also confirmed by the results of the longitudinal NMR 
experiments |13| , which show that the frequency of the 
longitudinal NMR in the (f+c)-state of 3 He-A is much 
smaller than the frequency of the longitudinal NMR in 
3 Hc-B. The latter is only possible if a/ <C 1 in Eq.J53J, 
i.e. the (f)-state is also in the regime of strong disorder. 
Thus there is only the partial dipole locking between 
the spin variable $d and the orbital variable $i in the 
(f)-state. 

63 Possible role of topological defects. 

It is not very clear what is the origin of the (f )-state. 
The partial dipole locking is possible if the characteris- 
tic size of the 1 texture in the (f)-state is on the order 
of or somewhat smaller than £d . 

Alternatively, the line (f) could come from the topo- 
logical defects of the A-phase (vortices, solitons, vortex 
sheets, etc., see Ref. [7]). The defects could appear 
during cooling down the sample from the normal (non- 
superfluid) state and are annealed by application of the 
180 degree pulse during this process. Appearance of a 
large amount of pinned topological defects in 3 He-B in 
aerogel has been suggested in Ref. [5^. The reason 
why the topological defects may effect the NMR spec- 
trum in 3 He-A is the following. In the case of the strong 
disorder limit the texture is random, and the frequency 
shift is zero, if one neglects the L/^d corrections in the 
main approximation. The topological defect introduces 
some kind of order: some correlations are nonzero be- 



cause of the conserved topological charge of the defect. 
That is why the frequency shift will be nonzero. It will 
be small, but still bigger than due to the corrections of 
order {L/^ D ) 2 . 

If this interpretation is correct, there are two dif- 
ferent realizations of the disordered state in the system 
with quenched orientational disorder: the network of the 
pinned topological defects and the pure Larkin-Imry-Ma 
state. Typically one has the interplay between these two 
realizations, but the defects can be erased by the proper 
annealing leaving the pure Larkin-Imry-Ma state. 

64 Superfluid properties of A-phase in aerogel 

The interesting problem concerns the superfluid den- 
sity p s in the states with the orientational disorder in 
the vector 1. In Ref. ^3] it was suggested that p s — 
in such a state. Whether the superfluid density is zero 
or not depends on the rigidity of the 1-vector. If the 
1-texture is flexible, then due to the Mermin-Ho rela- 
tion between the texture and the superfluid velocity, the 
texture is able to respond to the applied superflow by 
screening the supercurrent. As a result the superfluid 
density in the flexible texture could be zero. The exper- 
iments on 3 He-A in aerogel demonstrated that p s ^ 
(see e.g. [S] and references therein). 

However, most probably these experiments have 
been done in the (f-l-c)-state. If our interpretation of 
this state in terms of the topological defects is correct, 
the non-zero value of superfluid density could be ex- 
plained in terms of the pinning of the defects which 
leads to the effective rigidity of the 1-texture in the 
(f+c)-state. Whether the superfluid density is finite in 
the pure Larkin-Imry-Ma state, identified here as the 
(c)-state, remains an open experimental and theoreti- 
cal question. The theoretical discussion of the rigidity 
or quasi-rigidity in such a state can be found in Refs. 

In any case, one may expect that the observed 
two states of 3 He-A in aerogel, (c) and (f+c), have dif- 
ferent superfluid properties. 

Recent Lancaster experiments with vibrating aero- 
gel sample indicate that the sufficiently large superflow 
produces the state with the regular (non-random) ori- 
entation of 1 in aerogel, and in the oriented state the 
superfluid density is bigger [ZB], This suggests that the 
orientational disorder does lead to at least partial sup- 
pression of the superfluid density. 

65 Conclusion. 

In conclusion, the NMR experiments on the A-like 
superfluid state in the aerogel indicate two types of be- 
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havior. Both of them can be interpreted in terms of 
the random texture of the orbital vector 1 of the 3 He-A 
order parameter. This supports the idea that the su- 
perfluid 3 He-A in aerogel exhibits the Larkin-Imry-Ma 
effect: destruction of the long-range orientational or- 
der by random anisotropy produced by the randomly 
oriented silicon strands of the aerogel. The extended 
numerical simulations are needed to clarify the role of 
the topological defects in the Larkin-Imry-Ma state, and 
to calculate the dependence of the NMR line-shape and 
superfluid density on concentration and pinning of the 
topological defects. 
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